LOAN DOCUMENT

g )
I heL- k3059

: o H
T A
i D
/ DISTRIBUTION STATEMENT L
T E
Fomone™ 8 |
W
BY I
DISTRIBUTION JAVAILABILITY AND/OR SPECIAL H
D C
DISTRIBUTION STAMP A
R
E

PHOTOGRAPH THIS SHEET AND RETURN TO DTIC-FDAC

‘ DTIC m 70A DOCUMENT PROCESSING SHEET W
LOAN DOCUMENT

27 JO 199



NRL Memorandum Report 3059

Interaction of Relativistic Electron Beams with
Fusion Target Blow-off Plasmas

D. MOSHER

Plasma Applications Branch
Plasma Physics Division

May 1975

This research was sponsored by the Defense Nuclear Agency under
Subtask T99QAX L.A014, work unit 05, work unit title Advanced Concepts.

NAVAL RESEARCH LABORATORY
Washington, D.C.

DIC Quarrry msporsy §

Approved for public release; distribution unlimited.



SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

‘ ~ READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
t. REPORT NUMBER 2. GOVT ACCESSION NO.[ 3. RECIPIENT’S CATALOG NUMBER
NRL Memorandum Report 3059
4. TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED

Interim report on a continuing
INTERACTION OF RELATIVISTIC ELECTRON BEAMS NRL Problem

WITH FUSION TARGET BLOW-OFF PLASMAS s FERFORMING ORG REFORT NUMBER
7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(s)

D. Mosher
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK

AREA & WORK UNIT NUMBERS

Naval Research Laboratory NRL Problem H02-26A

Washington, D.C. 20375 Project DNA T990AXLAO014
11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

May 1975

Defense Nuclear Agency
Washington, D.C. 20305 P RUMeER OF PAGES

14. MONITORING AGENCY NAME & ADDRESS(If different from Controlling Office) 15. SECURITY CLASS. (of this report)

UNCLASSIFIED

18a. DECL ASSIFICATION/DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release, distribution unlimited.

17. DISTRISUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

This research was sponsored by the Defense Nuclear Agency under Subtask T99QAX LA014,
work unit 05, work unit title Advanced Concepts.

19. KEY WORDS (Continue on reverse aide if necesasary and identify by block number)

Relativistic electron beams
Pellet fusion
Beam-target interactions

20. ABSTRACT (Continue on reverae side if necesaary and identify by block number)

The relativistic Boltzmann equation with a Fokker-Planck collision term is solved with the
assumption that elastic scattering characterizes the shortest time and length scales of the beam-
plasma system. Explicit one-dimensional solutions containing the self-consistent return-current
electric field show that although range-shortening occurs, the primary effect of the electric
field is to prevent high-current-density beams from penetrating into the dense-plasma region.

DD , %%"%; 1473  EoiTioN OF 1 NOV 65 IS OBSOLETE
S/N 0102-014-6601 |

i

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entersd)



LLCURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

ii SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)



INTERACTION OF RELATIVISTIC ELECTRON BEAMS
WITH FUSION TARGET BLOW-OFF PLASMAS

The development of high-power pulse generators has created interest in
the use of relativistic electron beams to compress and heat small masses of
deuterium and tritium to fusion in a manner similar to that proposed using
lasers.?»>2 In order to optimize thermonuclear yield, fusion-pellet designs
employ thin shells of high-atomic-number material in which the beam deposits
energy.®>* Hydrodynamic modeling of‘pellet implosion has neglected both the
effects of the electromagnetic field and scattering collisions in thg beam-
heated plasma blown off of the shell.»>® This work presents a formaiism which
allows 6ne to determine the character of beam deposition in the high-atomic-
number plasma and shell when these effects are included. The Boltzmann
equation describing the beam with a relativistically-correct Fokker-Planck
collision term is solved with the assumption that the elastic-scattefing
collision time is the shortest characteristic time of the system. (This
approximation is valid for cases of interest: the interaction of a 1-3 MeV
eléctron beam of about 10 nsec duration with initially-solid shells of heavy
material.) One-dimensional solutions are then calculated in two limiting cases
of interest. From these, the energy-deposition profile and efficiency of
energy coupling from beam to plasma are determined. Finally, the constraints
placed on beams for fusion in light of the present analysis are discussed.

The equation describing the momentum distribution function of relativistic

electrons interacting with a cold, high-atomic-number plasma may be written®

3 +P_evfoff + BB}y fo v . S o o
5t T uv W e(E * oy )fo~ Vot g (@I - pp)-7 f1 + 7 - [y (p)pf]

where ¥° = 1 + p2/(mec)®. The quantities v, and v_ are energy-dependent

S E

Note: Manuscript submitted May 13, 1975.
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scattering and energy-loss frequencies

- _1y38/2. =
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In the above, n, is the plasma ion density, r0 is the classical electron
radius, ¢ is the velocity of light, Z is the plasma atomic number, and lnA

is in the range 10-20 for plasmas of interest.® We limit consideration to

plaémas for which e<<1.

Treating € as second order in Ugl, the terms of Eq. (1) are ordered

according to

0(0;2):0(1)51):0(1);1) = o<1):o<u_;2).

When f is expanded in powers of Uél

f:fo+fl+,.. s

Eq. (1) can be iteratively solved starting with 0(1) terms. The solu-

tion correct to second order is given by
—p
fo = f,(®s%,t) 3)

that is, fo is isotropic in momentum space and

fi=Ap )
N eE ?& _ 1 T2 e (BvAyeD 5)
fo = éug <p 3p  my VA) :pp + 2ugmy (BxA)p



where

- = of
A=L<@ _2-_lvfo). (6)

The equation governing fo is obtained by setting secular terms in the second-

order equation equal to zero

=

of
_9o e
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In this work, moments of f which yield the beam-electron and enefgy

fluxes are of interest. To lowest significant order, these quantities are

—)= R— 3: ER.
¢ /meldp /mY

- _ 2.0 1vP 3
q—/mc Y 1)mY fld p

determined from

>l

a®p (8)
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Taking the divergence of 3, substituting from Eq. (7) for V-A, and integrating

by parts yields
3= - 3
V-3 ll—TT(p UEf0>p =0 (10)

Lack of particle conservation is due to beam electrons, slowed by dynamic
friction to very low energies, merging with the thermal-electron backround.
These are not accounted for in f since Eq. (1) describes only the distribu-
tion of super-thermal electrons.

The rate at which energy is transferred from the beam to a‘unit volume
of plasma is obtained by taking the divergence of Eq. (9). In the steady

state,
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f dp. (11)
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Steady-state solutions of f in one dimension are now considered. The
plane x = C is chosen to divide a semi-infinite, uniform plasma occupying the
region x > 0 from a vacuum. A monoenergetic, well-collimated beam of rela-
‘tivistic electrons (particle flux @i) propagating in the vacuum is normally
incident on the plasma. The plasma is assumed to be sufficiently conductive
to exclude the vacuum magnetic field associated with the incident beam for
times of interest.® Thus, a plasma return current j = ed of thermal
electrons must flow towards the vacuum-plasma interface. The electric

field associated with this current is
E="Tj = Ted (12)

where T is the plasma resistivity.® Plasma electrons which reach the
interface are assumed to flow as VPXE surface currents along the x =0
plane. This planar model approximates a relativistic electron beam inci-
dent on a spherical shell of high~atomic-number material for a shell
thickness small compared to the radius of the sphere.

The beam~electron distribution function in the plasma can now be
written

2

f= 5 (0,0 *upA - 5 [eEA v S (pSUEfo):l (13)
S

correct to second order. The second-order term has been simplified using

the secular equation
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and | is the cosine of the polar angle in a spherical momentum-space geometry
with polar axis along x.

The beam-electron flux is given by

+1 ©
4
@<x>=2rr/duu2/ dp B2 (16)
-1 o my

When UEfo and eEA are comparable in magnitude, Eqs. (12) - (16) must be
solved simultaneously using numerical techniques. Two limiting cases of
interest which are amenable to analytical solution are now discussed.
When the plasma density is high and the beam-current density is low,
dynamic friction dominates over energy loss to the electric field. Neg-

lecting electric-field terms in Eq. (14) leads to the solution”>®

2f = —op X, 1
VI, = 377 exp|- 127 (17)
for an incident monoenergetic beam with vy = Yo In Eq. (17),

Yo .
2 3
T =/ G =iy )T, (18)
v

Z+1) (v*-10v2+1
ry) =R ‘ a19)
c2
a® = ggﬁi—, and C is constant. The corresponding electron flux is



x2 )
3(x) = 8 exp <- Z;z;;) (20)

where Ty = T(yo) -T(1), and @o = &(o). The volume heating rate when E = O

may be written

2
mc=8 Ti/ x

2
Q) =~ 5 P( rr) = 21)
1

The variation of QC with x is shown in Fig. L.

The transmission coefficient of beam current at the interface can be

estimated by equating @i with the positive-going beam current there.”

1 ® g
o, Pl P fo(p,O)dp
= =T —0 4
@i 2m f du f dp p f ry Ty
o o o

correct to first order. With f0 given by Eq. (17), the transmission

? (22)

N =
o]

coefficient is
X y2T1/2 -1
- N I Y LU -l e
Tc*%”f[g*(&) (vo-l)] 23)

For Yo = 3, TC ranges from .75 for aluminum to .40 for gold.

When the beam current is high and the plasma density is sufficiently
low, dynamic friction can be neglected in comparison to electric-field
slowing down. 1In that case, Eq. (10) predicts that %, and therefore E
are constant. The solution of Eq. (14) to first order with UE = 0 for

an incident monoenergetic beam is

e
f=r1, *HpA= { oz-B[K(v*)-K(vo)- $2M—.1‘]} 8 (v=v*) (2k)



where o and B are constant, € = eE/(chS),

_YGEAD 1 (el
K(v) = ~Z-D) + g 1n<Y+1 s
and v¥ &)= Yo " eEx/(mc®). The quantity B is determined by substitution

into Eq. (16).

& = il mc?* & B

o 3

The heating rate in the absence of dynamic friction is given by Eq. (l1).

QE = eE@O 3 ry*2]_.

Using Eq., (22), the transmission coefficient is

Lep/3

Tg = (v2-1)a + 2€8/3

A reasonable boundary condition for large x is needed to determine <.
Since ue increases with x according to Eq. (2) and the definition of +¥,
dynamic friction must dominate over the electric field for sufficiently-
large x. The values of v* and x at which dynamic friction becomes

important can be estimated by equating the two terms on the right side

of Eq. (i4)

v

— 36 - - 2
5Uefo eEA ® ¥ = Yo =Y, eExcﬂhc )

or

€% = sev% {orplr(v ) R(y,) ]}

(@5)

(26)
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The region x > X, represents a strong absorber of slowed-down electrons.
It is then reasonable to set the negative-going current at x = X equal

to zero. To first order,
) @
psfo(Pﬁxc) 1 .
= _ + = =
@R(xc) 21 ludu . ™y dp 5 2 0

or

a=p [% o+ K(vc)-K(vo)] : (30)
(&4

Simultaneous solution of Eqs. (29) and (30) yield Ye and . The resulting

variation of transmission with electric field is shown in Fig. 2 for

Yo T 3, The electric field is related to the penetrating beam current by

Eq. (12).

e@o = 8.4x10717 (z + 1)ni93/26 c—‘;z 3L

Here, 9 is the plasma electron temperature in eV.

The above calculations show that although the electric field reduces
the beam transmission into the plasma, it does increase the volume heating
rate above that due to dynamic friction alone. 1Its importance to  heating
can be estimated by comparing the heating rates QE and QC averaged over X.
For Yo =3, QE/aC ~ 8/€%, so that electric-field heating dominates when
£ > E%. The fegion indicated by this inequality is shown in Fig. 2., It is
seen that electric-field (or return-current) heating is important only when
€ is large enough to reflect all but a small portion of the incident beam.
Thus, in order to maximize energy transfer from beam to plasma, the plasma

should be prepared in a manner which keeps € small everywhere. In terms y



of the incident current Ji = e@o/T , this condition takes the form

< 1n-15 a/z _A
Ji < 10 nie o ‘ (32)

For incident currents of 10° A/cm® and 1 keV temperatures,l Eq. (32)
suggests that poor penetration occurs into plasmas with ion densities
less than 10° em™®. 1If, during pellet irradiation, the blow-off has
sufficient time to expand to a low density region of large extent, poor
coupling of the beam to the dense-plasma or solid portion of the shell
is predicted. However, if the beam is not strongly scattered in the
low-density blow-off, high transmission to, and collisional heating in
the dense plasma region can occur. For blow-off plasmas obeying fluid-

2

equation similarity solutions,“ the condition that the beam not be

strongly scattered in the region nis 1015Jie'3/2 is
JT< 102yi9/Z2 ¢/ cif (33)

where T is the beam duration in sec. Relativistic electron beams for
fusion should, and as proposedl do, satisfy this requirement.

It should be mentioned that the assumption of poor magnetic field
penetration leading to the creation of large electric fields in the
plasma is not usually valid in present-day, low-temperature blow-off
experiments. Comparing the electromagnetic skin depth9 with the blow-

off thickness® suggests that magnetic neutralization occurs when

T > 5x1075 2675/2 sec. (34




Thus, temperatures in excess of about 10 eV are required for substantial

return currents.

’ In summary, it has been shown that the existence of large return-
current-generated electric fields in pellet blow-off plasmas do not
increase beam-energy deposition because they tend to inhibit beam penetra-
tion to high plasma densities.

ACKNOWLEDGEMENT

The author is indebted to Prof. Ira Bernstein for his numerous in-

valuable suggestions. This work was supported by the Defense Nuclear

Agency.

10



REFERENCES

G. Yonas, J. W. Poukey, K. R. Prestwich, J. R. Fréeman, A. J. Toepfer
and M. J. Clauser, Nucl. Fusion 1%, 731 (197k).

K. M. Brueckner, IEEE Trans. Plasma Sci. 1, 13 (1973).

L. I. Rudakov and A. A. Samarsky in Proc. 6th Europ. Conf. on Controlled
Fusion and Plasma Physics (Moskow 1973), p. L487.

M. J. Clauser, Phys. Rev. Lett. 2&, 570 (1975).

D. Mosher, Naval Research Lab. Memo Report 2959 (1974), accepted for
publication.

L. Spitzer, "Physics of Fully Ionized Gases" (Interscience, New York, |
1962), p. 138. v

H. A. Bethe, M. E. Rose and L. P. Smith, Proc. Amer. Phil. Soc. 78,

573 (1938).

P. M. Morse and H. Feshbach, '"Methods of Theoretical Physics" (McGraw-
Hill, New York, 1953), Chap. 7. |

J. D. Jackson, '"Classical Electrodynamics" (John Wiley & Sons, New York,

1962), Chap. 7.

11




x/aqa —»

Fig. 1 - Normalized volume-heating rate vs depth into plasma
for three values of 74
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Fig. 2 - Transmission coefficient vs normalized electric
field strength in plasma for v, = 3 and three atomic
numbers. Return-current heating dominates to the right
of the & = €1/2 curve.
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